Two ground-state protonation forms causing different absorption peaks of the green fluorescent protein chromophore were investigated by the quantum mechanical SAC/SAC-CI method with regard to the excitation energy, fluorescence energy, and ground-state stability. The environmental effect was taken into account by a continuum spherical cavity model. The first excited state, HOMO-LUMO excitation, has the largest transition moment and thus is thought to be the source of the absorption. The neutral and anionic forms were assigned to the protonation states for the experimental A-and B-forms, respectively. The present results support the previous experimental observations.
Introduction
Since the discovery of green fluorescent protein (GFP), [1] [2] [3] [4] many studies have examined its photo-physical and -chemical properties, not only to better understand the unusual optical spectroscopic characteristics of the GFP chromophore (GFPC), but also to find a wide range of applications in molecular genetics, biochemistry, and cell biology (see refs. 5-8 for reviews). The GFP of the jellyfish Aequorea victoria is made up of 238 amino-acid residues 9 and produces a greenish fluorescence ( max ϭ 508 nm). 9, 10 The absorption spectrum of wildtype GFP consists of two broad peaks at 478 (2.60 eV) and 398 nm (3.13 eV). [11] [12] [13] [14] Because the ratio of the two peaks depends on the pH, temperature, and ionic strength, 15 the two peaks at 398 and 478 nm can be ascribed to two different ground states, A-and B-forms, respectively, which differ with regard to their protonation state. 13, 15 Emission from the A*-and B*-forms is observed, respectively, at 420 -470 nm (2.64 -2.95 eV) and 482 nm (2.57 eV). 13, 14 Further, a study of its excited-state dynamics 13, 14 proposed that the structure could be converted to an intermediate I-form that emits at 508 nm (2.44 eV).
There have been many studies on the denatured GFPC 15, 16 and a model compound. [17] [18] [19] [20] [21] [22] The first (398 nm) and second (478 nm) peaks were assigned to the neutral (A-form) and anionic forms (B-form), respectively. 17, 19 A Raman spectroscopic study 17 with a model compound in solution showed that the chromophore has two macroscopic pK a values of 1.8 and 8.2, which are attributed to ionization of the imidazolinone-ring nitrogen and the phenolic hydroxyl group, respectively. Semiempirical quantum mechanical calculations gave the same assignment.nation sites in the chromophore, as clearly seen in X-ray structures. [25] [26] [27] In a previous study using a hybrid B3LYP density functional theory (DFT), the pK a values and free energies for all possible forms of the chromophore were derived, and six possible forms of the denatured GFPC, instead of just the two widely assumed forms, neutral and anionic, were suggested. 28 The results indicated that at pH within the range of 1.1 to 9.4, neutral, zwitterionic, and anionic forms can exist. 28 Therefore, a calculation of the excitation energy for the different forms of the chromophores could be expected to give important information about the protonation state. The absorption peak position was studied for eight forms of the chromophore by the semiempirical NDDO-G method. 19 The results were in reasonable agreement with the experimental absorption spectra, although the method used is less reliable than the modern quantitative methodology. Fluorescence was not investigated in that study. MCSCF/MCQDPT calculations 29 were also carried out for the vertical and adiabatic excitation energies and for fluorescence energies. However, the results for the neutral and anionic chromophore were different from the experimental values, likely due to the small active space used. Therefore, reliable calculations of the excitation and fluorescence energies for various protonation states would be very useful for determining the ground-state structure of the chromophore in intact wild-type GFP, which could be an important starting point for further studies of the interesting photochemistry of the GFP protein. 19,30 -32 In this article, we used the SAC 33 /SAC-CI 34 -36 method 37,38 to study the low-and high-lying electronic excitations of a GFP model chromophore in its various protonation states in the gas phase and in solution. Using the optimized geometry for the excited state, the fluorescence energy was computed. The polarization effect of protein was taken into account by a continuum model. 39, 40 The SAC/SAC-CI method has been successfully used in various spectroscopic studies 29 of molecules ranging in size from water 41 to porphyrin dimers, 42 and is widely accepted as a reliable tool for studying the excited states of atoms and molecules. In this article, we used the SAC-CI SD-R method, in which the SAC-CI-linked R operators consist of singles and doubles, because the excitations are essentially described by one-electron processes. 19, 29, 30 The next section provides details of the calculations. In the third section, we explain the results for the ground-state energy, excitation energy, and fluorescence energy for various protonation states. The possible assignment of the ground-state protonation is also discussed at the end of the section.
Method
The GFPC C 11 H 10 N 2 O 2 is assumed to have C s symmetry, because the optimized geometry for various protonation states turned out to be more or less planar in a previous study. 28 The neutral state of the chromophore is shown in Figure 1 . The atomic coordinates are taken from the crystallographic data of Kurimoto et al. 43 The chromophore consists of 106 electrons and 25 atoms. The chromophore has three protonation sites: the phenolic oxygen O Y , the carbonyl oxygen O X , and the imidazolinone nitrogen N indicated in the figure. 44 -46 with the B3LYP functional. 47, 48 The basis set used is the 6-31G(d) set. 49, 50 For singlepoint calculations including electron correlations, the SAC/ SAC-CI method is used. Basis sets of double zeta polarization (DZV) quality are used. The exponents are taken from Huzinaga et al. 51 The Hartree-Fock (HF) SCF orbitals are used as the reference orbitals. The SAC/SAC-CI calculations are carried out with fullvalence active space for all the molecules studied here. The calculations of fluorescence energy, the geometries of the neutral form, two zwitterionic forms, and the anionic form in their excited states are optimized by the CIS method with the 6-31G(d) basis set. The polarization effect of protein on the excited states is estimated by a continuum model, 39, 40 using the refractive index of the ethanol solution (1.359), 52 and the effective radius of the chromophore, treated as a spherical cavity, in various protonation states is calculated by DFT with the B3LYP functional for the ground-state geometry and by the CIS method for the excited-state geometry. The SAC-CI calculations are performed with the SAC-CI program in the development version of the GAUSSIAN program system. 53 To reduce the computational cost, we use a perturbation selection procedure for two-electron excitation operators. 54 For the ground state, the threshold of the linked term is set to 1 ϫ 10
Ϫ5
, and the unlinked terms are adopted as the products of the important linked terms whose CISD coefficients are larger than 0.001. For the excited state, the threshold of the linked term is set to 1 ϫ 10 Ϫ6 . The thresholds for the unlinked terms in the SAC-CI are set to 0.001 and 0.05, respectively, for selecting the important S and R operators, where only doubles, S (2) , are used from the SAC linked operators S. The contributions of both S(2)R(1) and S(2)R(2) unlinked operators are included. The other calculations, HF, DFT, and CIS, are carried out using the GAUSSIAN98 package.
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Results and Discussion
Ground-State Energy
To assign ground-state protonation form, the correlated groundstate energies obtained by the SAC method for the GFPC in its various protonation states are summarized in Table 1 . The solvation effect is evaluated by the continuum model. The DFT results in the gas phase are also tabulated for comparison. Between the neutral and zwitterionic forms, the neutral form (HO Y , N, O X ) is more stable by about 17 kcal/mol, which is consistent with the ab initio results due to Yazal et al. 28 Deprotonation at the O Y position in the gas phase is endothermic. 2ϩ of the chromophore have been reported to be chemically unstable. 28 The present results suggest that the ionization of the phenyl group causes a large destabilization, which cannot be compensated for by the protonations at the N and O X sites. This result agrees with a previous experimental pK a measurement.
17
Excited States of the Chromophore in Its Various Protonation States
We next study low-and high-lying singlet excited states of the GFPC in its various protonation states. The excitation energies, oscillator strengths, and dipole moments of the singlet excited states of all the protonation states of the chromophore are calculated by the SAC-CI method and the results are shown in Tables  2-5 . The fluorescence energies for the neutral, zwitterionic, and anionic states of the chromophore are given in Table 7 . Other related theoretical and experimental values are also shown in each table. Table 8 gives a summary of the ground-state total energies and the excitation energies for all of the protonation states of the GFPC. Among all of the protonation states, the 2 1 AЈ state is the only state that has a strong oscillator strength. Therefore, our discussion in this article mainly focuses on the 2 1 AЈ state. The other excited states have much smaller intensity than the 2 1 AЈ state, and therefore can safely be neglected in assigning the absorption spectra. The main character of the 2 1 AЈ state is one-electron excitation from HOMO to LUMO. Both HOMO and LUMO are orbitals delocalized over the entire molecule, as shown in Figure 2 . All of the other forms of the chromophore have very similar excited states and molecular orbitals.
The SAC/SAC-CI results for the neutral form (HO Y , N, O X ) of the chromophore are summarized in Table 2 . The excitation energy and oscillator strength for the first excited state 2AЈ are computed to be 3.32 eV and 0.73 a.u., respectively. Among the computed excited states up to 7 eV, the 2AЈ state has the largest oscillator strength. The solvent effect correction to the excitation energy is small, because the dipole moment is comparable to the ground state. At around pH ϭ 7, the neutral form of the chromophore would be in solution. 17, 19, 56 The observed peak at 3.33 eV. 17, 19 is very close to our computed excitation energy. The semiempirical NDDO-G method gave an excitation energy of 3.43 eV, which is slightly higher than the SAC-CI values. 19 The MCSCF/MCQDPT value in the gas phase (2.88 eV) is much lower than ours. 29 In the intact wild-type GFP, the chromophore in the A-form shows the absorption at 398 nm (3.13 eV) 13 and the SAC-CI computed excitation energy for the 2 1 AЈ state is close to the experimental observation.
In the anionic form, (O Y , N, O X ) Ϫ , the first excitation energy is calculated to be 2.22 eV in the gas phase and 2.26 eV in solution, as shown in Table 3 . The dipole moment of the ground and first excited (2 1 AЈ) states is much larger than that in the neutral form. In the wild-type GFP, the observed peak for the B-form (478 nm, 2.60 eV), 13 which was proposed to be the anionic form, 17 is close to our SAC-CI excitation energy for the 2 1 A 1 state. Recently, Andersen and coworkers measured absorption spectrum of the anion form in vacuo. 23 The observed peak maximum was observed at 2.59 eV. The experimental model compound has an additional methyl group on N 10 atom, although our computational model has, instead, H atom in this position. To compare directly with the experimental spectrum in vacuo, another SAC-CI calculation was carried out with the same structure as the experiment. As shown in Table 3 , the obtained excitation energy was 2.39 eV, which is closer to the experimental value in the vacuo and also in protein. In solution at pH 8.2, the model chromophore is transformed to the anionic form and the peak maximum is shifted to 2.68 -2.90 eV. 17, 19, 56 There seems to be a significant solvation effect in the experimental peak position, and most of the experiments used NaOH to obtain alkaline conditions. Our calculations used a simple dielectric model with the refractive index of ethanol. We note that our model is intended to mimic a protein environment, not an alkaline solution. To reproduce the excitation energy under alkaline condition, as in NaOH aq, an explicit modeling of the solvent would be required. The chromophore should be less solvated in the GFP protein than in NaOH aq. 19 The present SAC-CI result also shows that the 2 1 AЈ state appears at 2.20 eV, which is lower than that of the anionic form by only 0.06 eV. We note that the excitation energy of the (O Y Ϫ , N, HO X ϩ ) form is very close to the absorption of the A-form in intact wild-type GFP, 13 though this protonation form is much less stable than the neutral form, as seen in Table 1 .
The SAC-CI results for the cationic forms, which are the most probable forms of the chromophore in an acidic pH, are summarized in Table 5 19 Recently, Andersen and coworkers measured absorption spectrum of the cation form in vacuo. 24 The observed peak maximum was observed at 3.05 eV. The experimental compound has an additional methyl group on N 10 atom, although our computational model has, instead, H atom in this position. To compare directly with the experimental spectrum in vacuo, another SAC-CI calculation was carried out for the (HO Y , HN ϩ , O X ) ϩ form with the same structure as the experiment. The obtained excitation energy was 2.88 eV, which is closer to the experimental value in vacuo and also in the acidic solution.
Analysis of the Stark spectrum provides the change in the dipole moment associated with the transition.
13,57 Table 6 lists electronic dipole moments of the anionic and neutral forms of the chromophore in the ground and excited states. For the anionic form, the SAC-CI calculation gave 2.2 debye, while the experiments gave 6.2 debye. There are several anionic (Glu222) and cationic (Arg96) residues in the proximity of the chromophore, which can affect to the dipole moment of the states. The present calculations, however, include the environmental effect only by a simple continuum model.
Fluorescence Energy in Several Protonation Forms
The calculation of the fluorescence energy is important for this system to determine the protonation form of the ground state. The SAC/SAC-CI calculations were performed at the geometries optimized for the 2 1 AЈ state of the neutral, anionic, and zwitterionic forms. The cationic forms were disregarded, because the GFP protein does not take a strong acidic form that can protonate at the N and O X positions of the chromophore. The geometrical changes in the excited states of these protonation states of the chromophore were not large. The chromophore nearly keeps the C s symmetry in all of the protonation forms. For the neutral form, C 7 OC 8 bond stretched by 0.055 Å, which was the largest change. This bond stretching is relevant to the character of LUMO. As shown in Figure 2 , LUMO has a node in the C 7 OC 8 bond. For the anionic form, the C 8 ON 13 and the C 9 ON 10 bonds shrank by 0.030 Å, which is also rationalized by the orbital character of HOMO and LUMO. The obtained structural parameters were also compared to those reported in a previous article. 29 These optimized structures were very close to each other, and the deviation in the bond length was within 0.02 Å.
The fluorescence energies in the gas phase and in the continuum model are shown in Table 7 , along with those from the experiment on the intact wild-type GFP 13 and from the UHF/MP2 calculation. 29 In all of the protonation states, the 2 Among the four forms of the chromophore, our calculated fluorescence energies for the neutral (HO Y , N, O X ) and zwitterionic (O Y Ϫ , N, HO X ϩ ) forms are very close to the experimental value for the A-form of intact wild-type GFP (2.64 -2.95 eV). 13 A previous UHF/MP2 calculation 29 for the neutral form gave a value that was lower than both the experimental value and our present calculated value. Our predicted fluorescence energies for the anionic form (O Y , N, O X ) Ϫ and the zwitterionic form (O Y Ϫ , HN ϩ , HO X ) of the chromophore are close to the experimental value for green fluorescence (2.44 eV). The previous UHF/MP2 value 29 is much higher.
Assignment of the Ground-State Protonation State Based on the SAC-CI Results
According to the previous studies on the model compound in solution, 17, 19 the absorption peaks at 3.13 (A-form) and 2.60 eV (B-form) in the intact wild-type GFP 13 were assigned to neutral Table 8 summarizes all of the calculated data that might be useful for the assignment of the ground-state protonation form. As described above, our SAC-CI excitation energies for the neutral and zwitterionic (O Y Ϫ , N, HO X ϩ ) forms are 3.32 and 2.99 eV, respectively, which are relatively close to the A-form absorption. The fluorescence energies for these neutral and zwitterionic states are 2.82 and 2.92 eV, which are also close to the experimental fluorescence energy. 13 The Stokes shift computed for the neutral form is 0.5 eV, which is comparable to the observed value, 0.43 eV. Based on the calculated results, the neutral form is most appropriately assigned to the experimental A-form rather than the zwitterionic form. In addition, from a chemical point of view, the zwitterionic form, (O Y Ϫ , N, HO X ϩ ), is much less stable than the neutral form. 28 Further, in the proximity of the O X site, there is no strongly acidic residue that can protonate to the O X position. 26 Regarding the experimental B-form absorption (2.60 eV), the anionic and zwitterionic (O Y Ϫ , HN ϩ , O X ) forms are the Figure 1 . candidates, because the computed excitation energies are 2.26 and 2.20 eV, respectively. The computed Stokes shifts are 0.09 and 0.17 eV, respectively, which are comparable to the experimental value, 0.16 eV. Although the computed excitation and fluorescent energies for the anionic form are closer to the experimental values than those for the zwitterionic form, this is still not conclusive evidence. Considering the ground-state stability, it would be difficult to create the zwitterionic form, because it is about 17 kcal/mol less stable than the neutral form. In addition, the pK a of the N site is small enough that the position cannot be protonated by the acidic residues in the GFP protein. Therefore, the anionic form is much more likely to be the protonation state of the B-form. Recently, the results of a hole-burning spectroscopic study suggested that another state, I-form, contributes to the absorption spectrum of wild-type GFP as a broad wing to the red-side of the 475 nm peak (the B-form). 14 The zwitterionic state (O Y Ϫ , NH ϩ ,O X ) has an excitation energy of 2.20 eV, which is lower than that of the anionic form by 0.06 eV. This result supports a previous proposal based on a semiempirical MO calculations. 
